Abstract : To evaluate the growth capacity and some chemical characteristics of two Crotalaria species, C. incana and C. pallida, used as green manure, we conducted a fi eld experiment at Osaka, Japan. Both Crotalaria species exhibited vigorous vegetative growth, and leaf area was expanded in C. pallida and branching was promoted in C. incan. Top dry weight and nitrogen content of C. pallida were twice as high as those of C. incana at 87 and 120 days after transplanting (DAT), and the lower values in C. incana were attributed to drastic defoliation of lower leaves due to earlier anthesis from mid-July. Several indicators for rapid decomposition of the plants used as green manure, such as C/N ratio, lignin (L) content and L/N ratio at 56, 87 and 120 DAT, were signifi cantly higher in C. pallida than in C. incana. However, these values might not be critical for nitrogen mineralization after incorporation of the materials into soil. To evaluate the qualitative traits of the two species as green manures, the materials were mixed with soil at a rate of 20 g fresh weight per pot, and seeds of wheat were sown at 10 and 30 days after mixing the green manure (DAM). The growth and nitrogen uptake of wheat grown on the soil mixed with C. pallida were inferior to those of wheat grown on the soil mixed with C. incana on both sowing dates, and the difference between the effectiveness of the two species as green manure was larger in the wheat sown on 10 DAM than on 30 DAM. The possible increase in nitrogen supply and growth inhibition by incorporation of these materials to wheat plants were discussed.
Nitrogen cycling is one of the most important factors for a sustainable crop production system. Among various green manure legumes, Crotalaria and Sesbania have been recently evaluated as important legumes for the low input cropping system in Japan. They have high ability to symbiotically fi x atmospheric nitrogen, and to sustain soil productivity when incorporated into soil (Itoh et al., 1992; Daimon, 1999; Mochida, 2000; Shiba and Daimon, 2003) .
The genus Crotalaria includes annual and perennial species native to India and Africa, and has been spread to several tropical and subtropical regions as fi ber and green manure crop plants. Crotalaria plants are also expected to be useful in temperate regions as plants antagonistic to parasitic nematodes, because of their nematocidal root property (Martin et al., 1976; Becker and Johnson, 1999; Fischler et al., 1999) . Among about 470 species, C. juncea, C. spectabilis and C. brevifl ora are used as green manure and/or antagonistic plants in Japan, and they should be further introduced to various sustainable cropping systems, especially to cultivate nitrogen removing crops. We previously reported that the incorporation of C. juncea and C. spectabilis provided a large amount of nitrogen necessary for the succeeding wheat crop, but had inhibitory effects on root growth of the wheat (Yano et al., 1994; Ohdan et al., 1995; Ohdan and Daimon 1998; Daimon and Kotoura, 2000) .
Prerequisites for effi cient application of these green manure legumes are selection of an appropriate plant species and the identifi cation of the appropriate time of incorporation into soil for the succeeding crops. In the present study, we investigated the growth of the two species, C. incana and C. pallida that have not been utilized yet in Japan, and examined the changes in chemical properties such as nitrogen content, C-N ratio and lignin content, which affect the usefulness of the plant as green manure. The effect of the incorporation of the tops of the two species into soil on the growth and nitrogen uptake of the wheat plants were evaluated using a pot culture experiment.
Materials and Methods

Experimental site
The experiments were carried out in 2001 on the Experiment Farm at Osaka Prefecture University in Sakai, Osaka, Japan. The soil on the farm was Gray Lowland soil with a pH (H 2 O) of 5.2, EC of 0.06 dS m -1 , T/N ratio of 0.09%, T/C ratio of 0.92%, Truog-P of 56.5 mg kg -1 , exchangeable K of 0.26 cmol kg -1 , exchangeable Mg of 0.24 cmol kg -1 , exchangeable Ca of 0.77 cmol kg -1 and CEC of 15.6 cmol kg -1 . For the pot experiment, the soil was sampled from the same experimental fi eld and stored under natural conditions until the start of the experiment. The monthly rainfall and mean temperature at the experiment site are shown in Fig. 1 .
Layout of fi eld experiment and measurement of plant growth and chemical properties
The seeds of Crotalaria incana and C. pallida were scarifi ed in a mortar with a small amount of quartz sand and dipped in the bacterial solution : Bradyrhizobium sp. strain 011-2-3, which was cultured in YM medium (Somasegaran and Hoben, 1985) . These seeds were sown in a seeding box containing vermiculite on 10 May, 2001, and at 18 days after seeding (DAS), the seedlings were transplanted to each plot 1.2 x 2.4 m with inter-plant and inter-row distances of 15 cm, each. No fertilizer was applied. The experiment was conducted with three replications. Ten uniform plants selected from each plot and examined for the length and diameter (at a 3 cm above the ground) of the main stems, and the number of nodes of the main stem every 10 days. At 56, 87 and 120 days after transplanting (DAT), tops of fi ve uniform plants were sampled from each plot, and they were separated into leaves and stems, and ovendried at 70˚C for 2 days. After measurement of dry weight, the samples were ground into a fi ne powder, and total nitrogen and carbon contents were analyzed by the dry-combustion method using a Model NC-80 analyzer (Sumitomo Chemical Inc.). The sulfuric aciddetergent lignin content of the plants at 87 and 120 DAT was determined by the method of Yamaguchi (2000) .
3. Growth and nitrogen uptake of the wheat plants grown on the soil incorporated with the two Crotalaria species On 14 October 2001 (132 DAT), the tops of the two Crotalaria species grown in the fi eld were harvested and separated into leaves and stems. They were cut into less than 5 cm length and then the cut pieces of leaves and stems from 20 gFW tops were mixed separately or together into the soil in a vinyl pot (10 cm diameter and 13 cm depth). The cut pieces were also used for determination of the contents of carbon, nitrogen and lignin following the method described above. In the control pot, no green manure material was mixed with the soil, but ammonium sulfate was applied at a rate of 0.03 g N per pot (3.8kg/10a). To investigate the difference in the decompositon rate between the two species incorporated into the soil during the early decomposing time, we seeded wheat (Triticum aestivum L. cv. Norin 61) on 24 October (10 days after mixing the green manure: DAM) and 13 November (30 DAM), 2001. Four seeds of wheat were sown at the center of each pot, and then seedlings at the 2-leaf stage were thinned to one plant per pot. They were grown outdoors under natural conditions. The wheat plants from nine pots were sampled at 15, 30, and 45 DAS, oven-dried, weighed and ground to determine total nitrogen content. The pot experiment was conducted with 36 pots for each treatment for each species.
Statistical analysis
The data for the fi eld experiment were analyzed by the T-test for determining signifi cant differences in the mean of each parameter between the two species. The data for the pot experiment were analyzed by ANOVA and Tukey's LSD was calculated when F values were signifi cant to determine differences among treatments.
Results and Discussion
Dry matter production and nitrogen accumulation in the two Crotalaria species
The seedlings of both C. incana and C. pallida emerged at 4 DAS, and several root nodules were found on the tap roots of the both species when they were transplanted to the fi eld. In our previous experiments, also early root nodule formation was found in C. juncea and C. spectabilis Daimon and Kotoura, 2000) . The genus Crotalaria might has an ability to nodulate immediately after germination, and this trait would be desirable for green manure legumes.
In this experiment, seedlings of the two species were transplanted to the fi eld but they grew as vigorously as the direct-seeded plants. There was a difference in the growth rate between the two species (Fig. 2) . The length and diameter of the main stems of C. pallida were greater than those of C. incana throughout the growing period, and the stem length of the former attained 180 cm at 120 DAT. On the contrary, the number of nodes on the main stem was larger in C. incana than in C. pallida from the early growing stage, which showed that the leaf emergence rate was higher in the former. Both species exhibited vigorous vegetative growth mainly expanding leaf area in C. pallida and branching in C. incana (Fig. 3) . C. incana began to fl ower in mid-July, but C. pallida fl owered in mid-August. Both species have indeterminate infl orescence with yellow fl owers as shown in the photographs in Fig. 3 . There were marked differences in the pattern of change in the dry weight and in the total nitrogen content of plant tops between the two species (Fig.  4) . At each sampling date, the dry weight and total nitrogen content of C. pallida were signifi cantly higher than those of C. incana. However, a marked increase in dry weight was obtained from 56 to 87 DAT in C. pallida, and from 87 to 120 DAT in C. incana. The increase in total nitrogen content followed a pattern similar to that of the dry weight, and most of the nitrogen accumulated in leaves in both species.
Accumulation of plant dry matter and nitrogen is an important trait of the plants for green manure. In this experiment, the top dry weight ranged from 0.3 to 1.8 kg m -2 at 87 and 120 DAT, the possible time of incorporation into soil, respectively, and the nitrogen yield ranged from 8.6 to 40.0 g m -2 at that time. These values were similar to those of other species of this genus such as C. juncea and C. spectabilis (Yano et al., 1994; Daimon et al., 1995; Daimon and Kotoura, 2000) . The differences in the dry matter and nitrogen accumulation between C. incana and C. pallida could be attributed to the difference in the potential biomass productivity and nitrogen fi xing ability, but also to the difference in the defoliation rate of lower leaves due to different duration of vegetative growth. In C. incana, lower leaves defoliated continuously emerging new leaves at the upper nodes after mid-August. In C. pallida, on the other hand, foliage was dark green even in late-September. Thus, C. pallida used as green manure may provide a larger amount of nitrogen to the succeeding crops than C. incana. However, it should be noted that the reduced dry matter production in C. incana is not necessarily undesirable as a green manure crop, because the defoliated biomass might contribute to the initial growth of the succeeding crop. In our previous experiment, C. juncea and C. spectabilis showed a similar pattern of defoliation, but it was drastic in C. juncea . Based on the pattern of defoliation suitable relay cropping pattern should be examined.
Chemical properties of the green manure
The amount of nitrogen released from the plants incorporated into soil varies with the chemical properties of the plants. There are many reports showing that not only the C/N ratio of the incorporated plants but also other parameters, such as contents of lignin (Wagger, 1989; Ranells and Wagger, 1992) and polyphenols (Vallis and Jones, 1973; Palm and Sanchez, 1991; Oglesby and Fownes, 1992) , ratio of lignin (L) to total N, ratio of polyphenols to total N, and ratio of (lignin + polyphenols) to total N (Handayanto et al., 1995; Clement et al., 1998; Tian and Kang, 1998; Vityakon et al., 2000) , are determinants of green manure quality regarding the nitrogen release after incorporation. Plants with high ratios of these parameters are usually considered to decompose more slowly than those with low ratios.
In the present experiment, the C/N ratio of the plant tops in C. pallida was slightly lower than that in C. incana at 56 DAT, but was slightly higher than that of C. incana at 120 DAT (Table 1 ). The C/N ratio of leaves gradually decreased from 56 to 120 DAT, but that of stems markedly increased throughout the growth period in both species. The C/N ratio of tops also increased during the period of growth. The lignin contents of leaves and stems in C. pallida were signifi cantly higher than those in C. incana at 87 and 120 DAT ( Table 2 ). The ratio of lignin to total N (L/N ratio) of the plant tops increased from 87 to 120 DAT in both species, and was signifi cantly higher in C. pallida than in C. incana. On the other hand, there was no difference in the L/N ratio of leaves between 87 and 120 DAT. As described above, the C/N ratio and L/N ratio of the tops gradually increased throughout the growth period in both species. This increase was marked from 87 to 120 DAT and it was attributed to the increase in stem growth. Although there was a signifi cant difference between the two species in the C/N ratio of the tops at 120 DAT, this may not be critical for nitrogen mineralization capacity after incorporation into soil, because green manures with a C/N ratio of lower than 25 are known to decompose rapidly (Allison, 1966; Aulakh et al., 1991; Ranells and Wagger, 1992) . The difference between the two species in either lignin content or L/N ratio of tops was similar to that in C/N ratio. These values might also not be critical for nitrogen release according to the fi ndings by Vityakon et al. (2000) , who showed that nitrogen mineralization from residues of Arachis and Sesbania was not reduced even when the lignin content reached 9.9-11.1 %, or L/N ratio 5.7-7.4. Some other factors such as polyphenols, cellulose and hemicellulose, which infl uence the rate of decompositon, should be analyzed in the further experiment. Since the chemical properties would vary with the developmental stages, an appropriate time of incorporation of each green manure legume should be determined considering the growth stage.
Growth and nitrogen uptake of the wheat plants grown on the soil incorporated with the two Crotalaria species
The potential contribution of nutrients including N, P and K, released from green manure to succeeding crops should be evaluated in comparison with the conventional chemical fertilizer in the fi elds. In this experiment, we examined the effect of both Crotalaria species incorporated into the soil in the pot on growth and nitrogen uptake of the wheat plants, in comparison with that of ammonium sulfate. Table 3 shows the dry weight, amounts of total nitrogen and lignin, C/N ratio and L/N ratio of the leaves and stems from the two Crotalaria species grown for 132 DAT. No signifi cant difference in these parameters was found between the two species. However, the dry weight, lignin content, and the amounts of total nitrogen were slightly higher in C. incana than C. pallida, and C/N ratio and L/N ratio Table 2 . Changes in lignin content and the ratio of lignin to total N (L/N ratio) of leaves and stems in the two Crotalaria species grown in the experimental fi eld.
Values are means of three replications (n=3 plants sampled in each plot). : Signifi cant difference at 5% level. NS: Not signifi cant. Table 3 . Dry weight, lignin content, total nitrogen content, C/N ratio and L/N ratio of plant parts (20 g fresh weight) mixed with the soil in the pot experiment.
: t-tests were performed for differences in total value of each parameter between the two species. NS: Not signifi cant at 5% level.
of the stems were lower in C. incana. The differences in these traits between two species would be caused by heavier weight of stem and higher rate of stem to the tops in C. incana than in C. pallida. Table 4 shows dry weight and total nitrogen content at different DAS of wheat plants sown at 10 and 30 DAM. As for the values of the whole plant of wheat sown at 10 DAM, total nitrogen content and top dry weight were signifi cantly lower in the pots incorporated with C. pallida than in the pots incorporated with C. incana at 15 DAS. At 30 and 45 DAS, the differences in these values between the two species increased, and the values in the pots incorporated with C. pallida were slightly lower than those of the control pots supplemented with 0.03g N fertilizer. In the wheat plants sown at 30 DAM, the similar trend in the difference between two species was observed, i.e. the values were signifi cantly lower in the pots incorporated with C. pallida at each sampling time.
On the basis of total nitrogen content of the wheat plants at 45 DAS, the percentage of contribution of nitrogen from the green manure to total nitrogen content of wheat was calculated by using data in Tables  3 and 4 . The percentage of the nitrogen content of wheat sown at 10 DAM in the pots incorporated with C. incana to that of C. incana (9.3mg/92.3mg: 10.1%) was higher than the percentage of that of wheat in the pots incorporated with C. pallida to that of C. pallida (6.2mg/78.8mg: 7.9%), and a similar trend was found in wheat plants sown at 30 DAM (6.3% and 5.3% for C. incana and C. pallida, respectively).
As described above, the nitrogen contribution to the wheat plants was higher in C. incana than in C. pallida. Because there was no difference in the ratios of C/N and L/N between the two species (Table 3) , it was suggested that C. pallida produced some substance inhibiting the early growth of the wheat plants. Generally, some substance which is produced in the soil by decomposition of the green manures (including the genus Crotalaria) inhibits the root growth of the succeeding crop sown immediately after the incorporation (Williams and Hoagland, 1982; Tsuzuki et al., 1987; Pardales et al., 1992; Ohdan et al., 1995; kushima et al., 1998; Daimon and Kotoura, 2000) . For the decomposition of green manur, 30-40 days are generally needed. In this experiment, wheat seeds were sown at 10 and 30 DAM. The rate of nitrogen uptake by wheat plants was lower in the pots incorporated with C. pallida than with C. incana irrespective of the sowing date, and the difference in the growth and nitrogen uptake between the two species was larger when the wheat was sown at 10 DAM than at 30 DAM. The inhibitory effect on the wheat growth was also found in our previous experiment, in which incorporation of C. spectabilis grown at high seeding rate into the soil inhibited the root growth of the succeeding wheat plant (Daimon and Kotoura, 2000) . The inhibitory substances produced by incorporated green manure should be determined.
In the present experiment, some traits of two Crotalaria species, which would be used as a green manure legume, were examined, and the possibility of the use of these species as green manures was discussed from the viewpoints of decomposition period. It was suggested that C. pallida with high dry matter production has a high quantitative potential to supply nitrogen to the succeeding crop, but it has an inhibitory effect on the succeeding crop in an early period after incorporation into soil. C. incana, on the other hand, has a potential to supply nitrogen continuously because it defoliates lower leaves, and has Table 4 . Dry weight and total nitrogen content of wheat plant grown in pots with the soil mixed with the tops of C. incana and C. pallida.
Means in the same column followed by the same letter are not signifi cantly different at 5% level according to Tukey's LSD test.
Ammonium sulfate was applied at the rate of 0.03g N per pot.
a lower inhibitory effect on the succeeding crop in an early period after incorporation. In this study, we could not evaluate the effect of nitrogen deposited in the rhizosphere of the two species on nitrogen uptake of the wheat plants. The subterranean parts of the legumes should be quantitatively evaluated in relation to the nitrogen supply through the microbial biomass. Further investigation into the contribution of these two species to various cropping systems is needed, considering both positive and negative effects on succeeding crops.
